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Abstract: The energy spectrum of cosmic Hydrogen and Helium nuclei has been measured, below the so-called
“knee”, by using a hybrid experiment with a wide field-of-view Cherenkov telescope and the Resistive Plate Chamber
(RPC) array of the ARGO-YBJ experiment at 4300 m above sea level. The Hydrogen and Helium nuclei have been
well separated from other cosmic ray components by using a multi-parameter technique. A highly uniform energy
resolution of about 25% is achieved throughout the whole energy range (100 TeV - 700 TeV). The observed energy
spectrum is compatible with a single power law with index γ=-2.63±0.06.
Key words: Cherenkov telescope; ARGO-YBJ; energy spectrum; hybrid measurement; composition.
PACS: 98.70.Sa;96.50.sb;95.55.Cs
1 Introduction
The energy spectra of primary cosmic rays has been
measured by many experiments around the “knee”.
However, all the experimental results do not precisely
agree with each other [1]. Convergence of controversial
arguments about the origin of the “knee” or more gen-
erally the origin of high energy cosmic rays has not been
possible. This is due to the lack of a clean separation
between species and of an independent energy scale de-
termination in the experiments. Recently precise mea-
surements have been carried out by the CREAM exper-
iment which measured the energy spectra of individual
nuclei with high statistical significance up to 50 TeV [2].
These measurements serve as standards for setting the
energy scale and absolute abundance of each species.
At 4300 m a.s.l., the ARGO-YBJ experiment [3–5] is
made of a fully covered array of single layer Resistive
Plate Chambers (RPCs) in an area of 6700 m2. The
two unique features, namely the full coverage and the
high altitude, enable the measurement to reach the low-
est energy threshold with a ground-based detector. The
energy spectrum of cosmic Hydrogen and Helium nuclei
from 5 TeV to 200 TeV has been measured by the ARGO-
YBJ experiment [6] and agrees well with the sum of the
two individual components measured by the CREAM ex-
periment [2]. Moreover, the ARGO-YBJ equipped two
channels of large dynamic range analog readout for the
total charge in each RPC. This allows to measure high
energy showers up to a few PeV without saturation of the
detector. The charge measurement of the RPCs maps
the detailed particle distribution in the shower core re-
gion. Two prototype telescopes of the Wide Field-of-
view (FOV) Cherenkov Telescope Array (WFCTA) [7],
a component of the future project Large High Altitude
Air Shower Array (LHAASO) [8, 9], are deployed to the
Yangbajing International Cosmic Ray Observatory in Ti-
bet to form a hybrid experiment together with the RPC
array. The combination of the two air shower detecting
techniques enhances the selection sensitivity for specific
composition of primary cosmic rays and the robustness
of the primary energy measurements. In this paper, the
hybrid observation, the selection of cosmic Hydrogen and
Helium nuclei, the energy measurement and the energy
spectrum of the selected H and He nuclei are reported.
2 The Experiment
The hybrid experiment with the two telescopes and
the ARGO-YBJ RPC array located at the Yangbajing
Cosmic Ray Laboratory (Tibet, Peoples Republic of
China, 4300 m a.s.l.) started the air shower observations
in 2008. One of Cherenkov telescope, named WFCT-
01, is located 99.1 m away from the center of the RPC
array outside the north-west corner of the ARGO exper-
iment hall. The other one, named WFCT-02, is located
at the south-east corner of the ARGO-YBJ detector,
about 78.9 m away from the center of the RPC array.
Each telescope, equipped with 16×16 photomultipliers
(PMTs), has a FOV of 14◦×16◦ with a pixel size of ap-
proximately 1◦ [7]. The telescopes are tilted up with the
main optical axes having an elevation of 60◦ and image
showers coming in the FOV around 30◦ with respect to
the zenith. The ARGO-YBJ 78× 74 m2 central carpet
consists of 1836 RPCs covering 93% active area [10–
14]. Each chamber is equipped with two channels of
analog to collect the total charge induced by particles
passing through each half of the chamber, called “big
pad” [15, 16] with a size of 139 × 123 cm2. The total
charge is proportional to the number of charged particles
[16–18].
From December 2010 to February 2012, the coinci-
dent cosmic ray events that trigger both WFCT-02 and
the RPC array simultaneously are used in the data anal-
c©2013 Chinese Physical Society and the Institute of High Energy Physics of the Chinese Academy of Sciences and the Institute of
Modern Physics of the Chinese Academy of Sciences and IOP Publishing Ltd
010201-2
Submitted to Chinese Physics C
ysis. The main constraint on the exposure of the hybrid
experiment is the weather condition in the moon-less op-
erational nights. The weather is monitored in two ways.
At first, the bright stars in the FOV of the telescope are
used as constant light sources to monitor the total opti-
cal depth [19]. The telescope measures the background
light intensity using the DC coupled PMT signals as the
baseline. It varies as bright stars pass through the FOV
of the PMT. The variation is clearly correlated with the
total stellar flux which can be obtained from the star
catalog [20], as long as the sky is clean. In other words,
the correlation coefficient serves as an indicator of the
weather condition. Secondly, an infrared camera cover-
ing the whole sky monitors the clouds above the hori-
zon. Confirmed by the infrared monitor, a correlation
coefficient greater than 0.8 defines good weather condi-
tions [19] suitable for the Cherenkov imaging of showers.
Combining the good weather selection and the live time
of the RPC array, the total exposure time is 7.28×105
seconds for the hybrid measurement.
Criteria for well measured showers are 1) their cores
must be located inside the ARGO-YBJ carpet excluding
an edge of 2 meters; 2) at least 1000 hits recorded by
the RPCs in order to have high quality geometrical re-
construction of the shower fronts for demanded angular
and core position resolutions [21]; 3) at least 6 triggered
pixels in each shower image are required and 4) the space
angle between the incident direction of the showers and
the telescope main axis, denoted as α, must be less than
6◦ to guarantee that the images are fully contained in the
FOV. About 32,700 events survived the cuts and were
well reconstructed in the aperture of the hybrid experi-
ment, namely zenith angle from 24◦ to 37◦ and azimuth
angle from 249◦ to 273◦ and core within an area of the
RPC array of 76 m × 72 m.
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Fig. 1. Simulated energy distributions of the five
primary particle groups (protons, helium, CNO,
MgAlSi and iron) after the quality cuts (see Sect.
2) in the hybrid experiment. It is clearly shown
that the detector almost reaches a full efficiency
for all species above 100 TeV. The energy distri-
butions of the light nuclei and of the other com-
ponents after the selection (see Sect. 4) are shown
by dashed curves initiating at 100 TeV. The in-
jected primary energy spectrum (solid line) is also
shown for reference.
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Fig. 2. The distributions of the total number of
photoelectrons Npe in shower images. In the up-
per panel the dots represent the observed events
and the triangles the simulated ones. In the lower
panel the ratio between the simulated and the ob-
served number of events is shown.
3 Simulation
Extensive air shower simulations including
Cherenkov photons are carried out by using the COR-
SIKA code [22] with the high energy hadronic interac-
tion model QGSJETII-03 [23] and the low energy model
GHEISHA [24]. A GEANT4-based simulation package
(G4argo) [25] is used for the ARGO-YBJ detector. A
ray tracing procedure on the Cherenkov photons [26] is
also carried out of the response of Cherenkov telescopes.
In the simulation, the primary particles are divided into
five groups: proton, helium, CNO (carbon, nitrogen
and oxygen) group, MgAlSi (magnesium, alumina and
silicon) group and iron in the simulation. Assuming a
spectral index of -2.70 for all the five groups up to 10
PeV, the energy distributions of simulated showers in the
individual groups are shown in Fig.1 by using the same
selection criteria as described before for the data. We
point out that the hybrid observation becomes nearly full
efficient above 100 TeV for all components. To test the
simulation, a comparison with data has been made by
means of the distributions of total number of photoelec-
trons in the shower images, zenith angles of the shower
arrival directions and impact parameter of the show-
ers. For this comparison, a more realistic composition
010201-3
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and spectral model given by Horandel [1] is assumed in
the simulation. The results are presented in Fig.2,Fig.3
and Fig.4. The Monte Carlo simulation represents the
data reasonably well according to the χ2 per degree of
freedom.
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Fig. 3. The comparison of the zenith angle distri-
butions for simulated and observed events. Sym-
bols are as in Fig.2
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Fig. 4. The comparison of the impact parameter
distributions for simulated and observed events.
Symbols are as in Fig.2
Based on this simulation, an investigation aiming at
the selection of Hydrogen and Helium induced showers,
out of all detected showers, cosmic ray showers is carried
out as follows.
4 Hydrogen and Helium Nuclei Selec-
tion
The secondary particles in showers induced by heavy
nuclei are further spread away from the core region where
a uniform lateral distribution due to Coulomb scatter-
ing is well described by the Nishimura-Kamata-Greisen
(NKG) function. Therefore, it is clearly seen that there
exist significant differences between the lateral distribu-
tions around the core of showers induced by light and
heavy nuclei, while they are similar beyond a certain dis-
tance, e.g. 20 m. With its full coverage, the ARGO-YBJ
array uniquely measures the lateral distribution of sec-
ondary particle densities near the shower cores. Usually
the largest number of particles recorded by a RPC in an
event, denoted as Nmax, is a good measure of the lat-
eral distribution in 3 meters from the core. In a shower
induced by a heavy nucleus Nmax is expected smaller
than that in a shower induced by a light nucleus with
the same energy. According to the simulation, Nmax
is also proportional to E1.44rec , where Erec is the recon-
structed primary energy using the Cherenkov telescope
(see Sect. 5) as the first order approximation, without
knowing the composition of the shower. The reduced pa-
rameter log10Nmax - 1.44log10(Erec/1TeV ), denoted as
pL, is a good indicator of the nature of the primary. As
an example, the separation between the proton and iron
showers is a factor of 2 on average.
The other mass sensitive parameter is associated with
the shape of the Cherenkov images of showers recorded
by the telescope. The elliptic Cherenkov image of a
shower is described by the Hillas parameters [27], such as
the width and length of the image. The images are more
stretched, i.e. narrower and longer, for showers that are
more deeply developed in the atmosphere. The ratio of
the length to the width (L/W ) is therefore a parameter
sensitive to the primary composition. It is also known
that the images are more elongated for showers farther
away from the telescope due to pure geometrical reasons.
This effect can be removed by using the well measured
shower impact parameters, Rp. Moreover, the images are
also more stretched for more energetic showers due to the
elongation of the cascade processes in the atmosphere.
This effect can be suppressed by using the “energy” Erec.
According to simulations, the ratio L/W of images is lin-
early proportional to Rp and log10Erec. The reduced pa-
rameter L/W−0.0091×(Rp/1m)−0.14log10(Erec/1TeV ),
denoted as pC , serves as an indicator of the nature of the
primary that initiated the shower. As an example, the
separation between the proton and iron showers is a fac-
tor of 1.5 on average.
Combining the two composition-sensitive parame-
ters, pL and pC , one expects the separation between cos-
mic ray components will be improved. This is shown
in Fig.5 where all the simulated events are displayed in
a scatter plot of the two parameters. Protons, helium,
CNO group, MgAlSi group and iron with the ratio of
1:1:1:1:1 are put in the simulation. At first, no strong
correlation between the two parameters is observed, in-
dicating that the parameters are quite independent. Sec-
ondly, a rather significant separation between the com-
010201-4
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position groups is clearly observed, although the different
groups overlap each other. Thirdly, the lighter compo-
nents, e.g. H and He, are in the uppermost-right region
while the iron showers are mainly concentrated in the
lower-left corner. Finally, it is rather significant that the
fluctuation in showers initiated by heavier nuclei is much
less than that in showers induced by light nuclei. This
offers a great opportunity to pick out a light composi-
tion sample with high purity by simply cutting off the
concentrated heavy cluster in the lower-left region in the
scatter plot, i.e. pL ≤ −0.91 and pC ≤ 1.3. Most of
the heavy nuclei (CNO group, MgAlSi group and iron)
are cut out with a contamination less than 5.1% among
the survived H and He samples. This contamination re-
duces to 2.3% if a more realistic composition model is
assumed as the Horandel model [1]. About 29.7% of H
and He survives the selection criteria and their energy
distribution is shown in Fig.1 as the nearly parallel but
lower curve. The small portion of remaining heavy nuclei
is also shown in the figure as the lowest curve.
C
p0 1 2 3
Lp
-2
-1
0
1
2
Proton
Helium
CNO
MgAlSi
Iron
Fig. 5. Scatter plot of the two mass-sensitive pa-
rameters pL and pC (see text for details).
As mentioned above, the hybrid experiment is almost
fully efficient to all showers above 100 TeV. The aperture
is estimated using the Horandel model for the primary
composition and the QGSJET/GHEISHA code to de-
scribe the hadronic interaction. It is shown as filled cir-
cles in Fig.6. It is approximately a constant of 170 m2sr
above 100 TeV. The aperture of the H and He detec-
tion using the hybrid experiment shrinks to 50.5 m2sr
above 100 TeV by taking into account the selection ef-
ficiency. The aperture remains constant with energy as
also shown in the figure. No extra bias is introduced by
the H and He selection.
The systematic uncertainty on the aperture can be
estimated by modifying the composition assumed in the
simulation, e.g. the CREAM measurement results [2] or
extreme cases such as the heavy nuclei dominant model
or the proton dominant model [28]. The effect on the
selection efficiency is not greater than 14.3%. The con-
tamination by heavier nuclei is quite stable, from 5.1%
to 2.3% as the composition assumption changes from one
extreme to the other. Using the SIBYLL code, instead
of QGSJET, the selection efficiency is found to be about
2.3% higher. The difference in the efficiency due to the
low-energy hadronic interaction models, GHEISHA or
FLUKA, is about 3.5%. The overall uncertainty on the
aperture is 14.9%, as shown in Fig.6.
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Fig. 6. The aperture of the hybrid experiment.
Filled circles are for all particles, triangles are for
selected protons and helium nuclei. The shaded
area around the triangles represents the system-
atic uncertainty.
5 Energy measurement
The energy of the primary cosmic ray initiating the
shower is estimated by using the total number of pho-
toelectrons, Npe, collected in the image recorded by the
telescope, which results from all Cherenkov photons pro-
duced in the whole history of the shower development.
For selected showers falling in the RPC array, the tele-
scopes is at distances shorter than 120 m from the shower
cores. The Npe varies dramatically with the impact pa-
rameters, Rp, because of the rapid falling off of the lat-
eral distribution of the Cherenkov light. An accurate
determination of the shower geometry is crucial for the
energy measurement. The angular and core resolutions
of the geometrical reconstruction using the RPC array
are better than 0.4◦ and 2 m, respectively. In the FOV
of 14◦×16◦ of the telescope, the Npe still varies slightly
with the incident angle, α. A look-up table established
by using the simulation is a way to reconstruct the energy
of the primary for such a complicated functional form.
By feeding in the three measured variables Npe, Rp and
α, the primary energy can be interpolated in the table.
For the selected H and He sample, the table is generated
with a mixture of only protons and helium nuclei. The
010201-5
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energy resolution is about 25% and is symmetric and
uniform from 100 TeV up to a few PeV. The system-
atic bias is less than 2% throughout the entire energy
range. The intrinsic fluctuation of the shower develop-
ment is the main contribution to the energy resolution.
However, there is also a contribution from the primary
mixing, the resolution being about 21% for a pure proton
sample.
The systematic uncertainty in the energy reconstruc-
tion is mainly due to the following items. 1) The uncer-
tainty due to the composition assumed in the simulation
is estimated by switching between the three models men-
tioned above. It turns out to be very small, i.e. about
1.2% in the energy scale. 2) The uncertainty due to the
hadronic interaction models adopted in the simulation
( QGSJET or SYBILL, and GHEISHA or FLUKA ) is
found to be less than 2.0%. 3) The uncertainty due to
the photometric calibration, which has an uncertainty
of 7%, is estimated to be 5.6%. More details about the
absolute calibration can be found elsewhere [7]. 4) The
uncertainty due to the weather condition is estimated
by using the starlight of the Galactic plane recorded by
the telescope. A variance < 9.5% in the light intensity
is observed after the good weather selection. This cor-
responds to an energy underestimate of about 7.6%. In
total, the overall systematic uncertainty in the energy
scale is ∼ 9.7%.
6 Results and Discussion
Applying the criteria mentioned in Sect. 2 on the
data set taken by the WFCT-02 and ARGO-YBJ hy-
brid experiment, 8218 events above 100 TeV are selected.
They are distributed in the Erec-pC-pL space as shown in
Fig.7, where Erec is the estimated energy of the primary.
From this sample, 1392 H and He like shower events are
selected. The energy distribution of these events is shown
in Table1 and the statistics error are smaller than 20%
in each bin. To take into account any kind of smearing
and migration from the true energy E of the primary to
the reconstructed energy Erec, the Bayesian method [29]
is used to unfold the observational data.
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Fig. 7. The scatter plot for all the selected events
in the Erec-pC-pL space.
The energy spectrum of the cosmic Hydrogen an He-
lium nuclei measured by the hybrid experiment is shown
in Fig.8 as the filled squares. A power law with a single
spectral index of -2.63 ± 0.06 fits the spectrum well and
the χ2/ndf is about 0.5. The absolute flux at 400 TeV is
(1.79±0.16)×10−11GeV −1 m−2 sr−1 s−1. The systematic
uncertainty in the absolute flux is 14.9% as indicated by
the shaded area around the squares in Fig.8. The error
bars are statistical only.
Table 1. The number of protons and helium like events in each energy bin.
Log(E/1TeV) bins 2.00-2.15 2.15-2.30 2.30-2.45 2.45-2.60 2.60-2.75 2.75-2.90
# of events 565 371 227 121 69 39
This result almost fills the energy gap between the
measurements above 1 PeV , such as those by the KAS-
CADE experiment [30], and the spectrum of Hydro-
gen and Helium nuclei measured up to 200 TeV by the
ARGO-YBJ experiment [6]. The latter is consistent with
the new measurement using the hybrid technique in the
overlapping energy region from 100 to 200 TeV. The
flux difference is less than 10%. The spectrum by the
ARGO-YBJ alone is important because it reaches a much
lower energy, 5 TeV, therefore overlaps the CREAM
spectrum [2], which is measured by a calorimeter cal-
ibrated with an Indium beam at 158 GeV/nucleon or
18 TeV/particle [31] and with a proton beam at 350
GeV/nucleon [32]. The consistency between the two
measurements within 10% in the overlapping energy re-
gion guarantees that the energy scale difference between
the two experiments is less than 4%. This is important
for the combination of all the three independent mea-
surements covering a wide energy region from 2 TeV to
700 TeV. The sum of proton and helium spectra mea-
sured by CREAM [2] is fitted by using a power law with
a single spectral index of -2.62±0.02. The index of -
2.61±0.04 is reported by the ARGO-YBJ experiment [6].
Combining them together with -2.63±0.06 as the result
of the hybrid experiment, there is no strong evidence
of any structure of the spectrum of cosmic protons and
010201-6
Submitted to Chinese Physics C
helium nuclei up to 700 TeV.
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Fig. 8. The spectrum of cosmic protons and helium
nuclei from 100 TeV to 700 TeV measured by the
hybrid experiment is shown by filled squares. For
comparison, the CREAM spectra of protons, he-
lium nuclei and their sum are shown by filled and
open circles and open crosses , respectively. The
ARGO-YBJ results are represented by inverted
triangles. Systematic uncertainties are indicated
by the shaded areas for both the hybrid and the
ARGO-YBJ experiments. Other ground-based
experimental results are also plotted for compar-
ison.
In a similar energy range, from 200 TeV to 1 PeV, the
Tibet air-shower experiment obtained the energy spec-
trum of pure protons, and pure helium nuclei [33]. By
estimating the spectral index to be around -2.97±0.06,
the Tibet air-shower experiment claimed that the proton
spectrum was probably being bent at an energy of around
100 TeV if the measured spectrum has to be smoothly
connected with the existing direct measurements at lower
energies, such as CREAM.
In summary, the energy spectrum of cosmic protons
and helium nuclei from 100 to 700 TeV is measured by
the hybrid experiment using the Cherenkov telescope
WFCT-02 and the RPC array of the ARGO-YBJ experi-
ment. The overall systematic uncertainty in the absolute
flux is smaller than 14.9%. The uncertainty in energy
determination is about 9.7%. This measurement agrees
in both spectral index and absolute flux with the spec-
trum obtained by ARGO-YBJ alone in the lower energy
range from 5 TeV to 200 TeV. The latter agrees with the
CREAM measurements within 4% in the energy scale,
so the energy scale of this measurement is confirmed.
The current measurement extends the spectrum up to
700 TeV. In conclusion, no significant structure deviat-
ing from a power law with a single index is found in the
energy spectrum of the light component from 5 TeV to
700 TeV.
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